The impact of noise barriers on gaseous air-pollution dispersion was examined using the highresolution CLMM (Charles University LES (Large Eddy Simulation) Microscale Model). The dispersion of a mixture of nitrogen oxides (denoted as NO X -a mix of NO and NO 2 ) was computed, providing the simulation in which wind direction is approximately perpendicular to the noise barriers. The barriers were assumed to be straight and infinitely long, with a height of 3 m. Dispersion of NO x was modeled for situations with no noise barriers along the highway, barriers on both sides, and for a single barrier on the upwind and downwind sides of the highway. The modelling results are presented and discussed in relation to previous studies and the implications of the results are considered for pollution barriers along highways.
Introduction
Car traffic is a significant source of air pollution that can have a serious environmental impact, especially in densely settled urban areas. Cars are responsible for high concentrations of both gaseous air pollution and particulates. Nitrogen oxides (NO and NO 2 ) are the most important of the many air pollution agents that are emitted into the atmosphere. Air pollution from traffic poses a serious health threat to inhabitants living or working in the vicinity of busy roads. Although the concentration of air pollutants is usually measured, there are a limited number of monitoring stations within a city. Therefore, the spatial distribution of these agents is often modeled rather than measured, particularly for city management and municipal authorities. Many cities use the ADMS-Urban software [1] . Other examples include the ATEM system used to generate maps of the concentration of air pollutants in Prague at ground level, as approved by the Czech Ministry of Environment, see [2] . Both these systems (and others used in Europe and the USA) are used to model concentrations over whole or large parts of cities. In contrast, this study will focus on issues at a local level in close proximity to busy roads and streets in settled areas on the outskirts of large cities. These areas are typically densely populated, with large groups of houses protected from traffic noise by noise barriers that also act as a barrier to air pollution from traffic.
This study examines the role of noise barriers as traffic pollution shields for the areas adjacent to busy roads by means of computer modelling using the LES (Large Eddy Simulation) approach. There have been few previous studies in which the transport and dispersion of air pollution have been assessed using LES modelling, particularly [3] , [4] or [5] . However, these studies implemented LES modelling of air-pollution dispersion released from stationary point sources. Application of the LES approach to pollutant dispersion from vehicles is described in [6] but this study focused on the near-wake region close to the tip of exhaust pipes on light vehicles. Numerical simulation of turbulent dispersion from two-way roads using an LES approach is used in [7] and the problem of wind fields and dispersion of air pollution from vehicles in residential areas is addressed with an LES-based model in [8] . The wind field and pollutant dispersion in the downtown area of Macao is investigated using an LES-based model in [9] . The effect of trees on pollutant dispersion within a street canyon is modeled using an LES approach and validated with a wind tunnel experiment in [10] . All these previous studies address air pollution along roads or street canyons, but none has examined the impact of the noise barriers that can shelter surrounding areas from traffic emissions. This issue is addressed in the present study. Computational Fluid Dynamic (CFD) approaches have been used in previous studies, and results have been compared with measured data (e.g., [11] , [12] or [13] ). However, such studies used less sophisticated parameterization of turbulence than that used in this study,
The remainder of this manuscript is organized as follows. A brief description of the LES model is presented in Section 2, and the geometry of the problem, together with the boundary and initial conditions, is outlined in Section 3. The results of numerical simulation are presented and discussed in Section 4. Finally, concluding remarks are provided in Section 5.
Description of the CLMM
The CLMM (Charles University LES Microscale Model) has been developed at the Department of Meteorology and Environment Protection, Faculty of Mathematics and Physics at Charles University in Prague. Examples of previous use include study of the very stably stratified atmospheric boundary layer in [14] and mathematical simulation of the transport and dispersion of aerosol air pollution, see [15] .
The basic set of model equations comprises an incompressible continuity equation, the Navier-Stokes equations for thermally stratified flow (the Boussinesq approximation), an equation for (potential) temperature change, and a transport equation(s) for a passive scalar(s). It is possible to include chemical reactions between different types of pollutants or transformation processes in the model. However, as the aim in this case is to simulate small-scale dynamics in high resolution, completed chemical reactions are likely to be minimal. Consequently, air pollution is denoted as NO x (a mix of NO and NO 2 ) and is considered as a non-reacting passive scalar with constant composition.
The set of filtered model equations is as follows: where the overline indicates filtered quantities, and the subgrid turbulent stresses and fluxes are generally expressed as:
In Equations (1)- (7), t is time, x i are spatial coordinates, u i for i = 1, 2, 3 denote velocity components, p is pressure, ϴ is the potential temperature and ϴ REF is its reference value, f is the Coriolis parameter, and c is the passive scalar concentration. The symbol δ represents the Kronecker delta, and i j k ε is the alternating unit tensor, having a value equal to 1, -1, or 0 depending on whether the indices ijk create even or odd permutations of the numbers 1, 2, and 3, and/or if any other indexes are alike. The symbol τ ij denotes the turbulent sub-grid stress components, q j and s j are turbulent heat and air-pollution fluxes, respectively and these terms have to be modelled using the LES approach.
To model these sub-grid quantities, the concept of turbulent (or eddy) viscosity is used. It is assumed that the sub-grid stresses and fluxes are correlated to the strain rates and gradients of the filtered quantities (potential temperature, concentration) in the same way they are for molecular diffusion-see [16] . In the CLMM, the Vreman model [17] is used. In the Vreman approach, specified turbulence viscosity is of a general nature, in that it is only time dependent, in contrast to the more commonly used Smagorinsky model. This time dependence can be solved "dynamically" as suggested in [18] , but here we employ the "time independent" variant. We chose not to use the Smagorinsky model because of the disadvantages outlined in [19] or in [20] .
Geometry of the Problem, and the Boundary and Initial Conditions
The modelled section of road is a straight, four-lane highway, with two lanes in each direction. The lanes are separated in the middle by a median strip 1 m wide. Each lane is 6 m wide (4 m of the lane itself and 2 m wide emergency stopping lane on the outer side of each lane). The total road width (and distance between barriers where present) is 25 m. After consultation with the Road and Motorway Directorate of the Czech Republic (http://www.rsd.cz/en), the height of the noise barrier(s) was set to 3 m in suburban areas. The terrain near the road is assumed to be flat on both sides, and the road is level. When the impact of barriers is modeled, it is assumed that they are of infinite length-the impact of the end of the barrier on air-pollution dispersion has not been modeled. This geometry was chosen to simplify boundary conditions on the sides of the computational domain.
On the solid surfaces (bottom boundary and walls of the noise barrier(s)) the no slip boundary condition was applied. At the top of the domain, the free-slip condition was used, together with a 100-m-thick sponge layer immediately below this boundary. The wind direction is perpendicular to the axis of the road, and flow is fully developed on the inflow boundary using the approach outlined in [21] . At the outflow, an open boundary is applied for flow directed normal to the boundary. To ensure that this condition is met, an additional 100-m-thick buffer zone is added to the domain immediately in front of the boundary. The geometry of the problem allowed for periodic boundaries on the side of the domain, parallel to the incoming wind direction.
Neutral vertical temperature stratification was chosen for the simulation. The wind speed was set to 5 ms -1 at the anemometric height (10 m above the terrain), and the vertical gradient of the potential temperature was set to 0 Km -1 . The wind speed at the inflow boundary followed a logarithmic profile with a roughness length on the order of 10 -2 m. The wind flow was fully developed due to the application of the inflow condition described in [21] .
The emission rate of NO x used in this model was set to 0.2255 g/s/km per lane of traffic, as suggested by the Road and Motorway Directorate. The composition of NO x corresponds to 70% NO 2 and 30% NO, and this remains constant over the time and distance modelled.
Results and Discussion
Initially, the reference result was computed detailing the situation without barriers. Subsequently, the situations with barriers on both sides of the road and with only one barrier (either upwind or downwind) were computed. Figure 1 shows the circulation scheme when two barriers are present. Figure 2 depicts the circulation scheme in the same atmospheric conditions with only one barrier. As this situation corresponds to the presence of a barrier on flat terrain, the pattern of the circulation scheme is not dependent on which side of the road the barrier is placed on with reference to wind direction. Both Figure 1 and Figure 2 show the time-averaged wind fields with averaging interval of 200 s. Figure 3 shows the spatial distribution of NO x concentrations (in μg·m -3
) near the road for the reference situation. It is evident that traffic pollution remains concentrated near the ground. This area of high concentration spans a considerable distance (in excess of 200 m) from the road, as there is no obstacle to prevent its transport downwind. Figure 4 shows the concentration distribution in a vertical cross-section perpendicular to the same road, but with 3-m-high barriers on both sides. All other parameters remained unchanged. A comparison of Figure 4 shows that the area affected by car emissions does not extend a considerable distance in the lee of the road when the barriers are present. Instead, NO x is highly concentrated between the barriers and in the area immediately behind the barrier on the leeward side, and decreases much more rapidly with distance in comparison with Figure 3 . High concentrations of NO x are distributed over a greater vertical area when barriers are present, due to the recirculation of air invoked by the barriers. Figure 5 shows the spatial distribution of NO x concentration when the noise barrier is located on the upwind side of the road. The distribution shown in this figure is very similar to that in Figure 4 . The impact of the upwind barrier on the flow and thus also on the concentration distribution can be seen more clearly in Figure 7 and Figure 8 , which show the pollutant concentration profiles at 1.5 and 3.0 m above the surface. Figure 6 shows a vertical cross-section of NO x concentration when the noise barrier is located in the lee of the road. The area of high NO x concentration is located on the road in front of the noise barrier, but also behind the road where recirculation has trapped pollution in the lee of the barrier. This can be seen more clearly in Figure 7 , which shows the concentration profile as a function of distance from the axis of the median strip (x = 0). Profiles of the concentrations are shown at 1.5 m above the ground. Figure 7 shows concentration profiles in the following cases: no barrier (solid line), upwind barrier (long dashed line) downwind barrier (short dashed line), and both barriers (dotted line). These conventions are used for all the following figures showing horizontal and vertical concentration profiles. Figure 7 shows that the highest concentrations at surface level in the road area occur when two noise barriers are present, and when one upwind noise barrier is present. When there are no barriers present, or when there is a barrier on the downwind side of the road only, the peak concentration just above the road is much lower and shifted downwind. However, concentrations up to approximately 100 m from the road are higher when there is only a downwind barrier, or over the whole downwind area when no barrier is present. The shapes of the curves indicate that recirculation zones behind the barriers and over the lanes form secondary concentration maxima. In situations where two barriers or one upwind barrier are present, secondary maxima are located downwind of the primary maxima. Conversely, where there are no barriers or one downwind barrier, secondary maxima are located upwind of the primary maxima. Most importantly, when there are no barriers or only a leeward side barrier, concentrations of NO x above the road itself are relatively low, but are higher adjacent to the road. This extends for 100 m when there is a leeward barrier, and over the whole modeled area when there are no barriers. The low concentrations occur as a result of good ventilation in the area above the road. In the case of a barrier on both sides, the maximum concentration is, approximately, 545 μg·m -3 . This is slightly lower, but of the same magnitude, as the concentration with one barrier on the upwind side. Figure 8 shows the concentration profiles depicted in Figure 7 , but at 3 m above the terrain. Concentrations are lower but have similarly shaped distributions as those in Figure 7 . However, there is one exception. Where there is one leeward barrier, the horizontal concentration profile lines are much smoother, indicating that the impacts of recirculation behind the barrier are less pronounced at this height. The vertical distributions of concentrations at a point located 22.5 m downwind of the road axis are shown in Figure 9 . This demonstrates that the presence of any barrier, regardless of location, results in a decrease in concentration at ground level and an increase in the height at which higher concentrations occur, due to blocking effects and recirculation behind the barrier. The highest ground concentrations at this location were recorded when no barriers were present, but this changes at 2.0 -2.5 m above the surface. Figure 10 and Figure 11 show snapshots of the concentration distributions in the computational domain when 3-m barriers are present on both sides of the highway. Figure 10 shows the iso-surface of the 25 μg·m -3 concentration, and Figure 11 shows the iso-surface of the 125 μg·m -3 concentration. It is important to note that throughout the modelling process, the layout of the simulation was simplified, as buildings and vegetation were not taken into account and terrain was assumed to be flat. Furthermore, it was assumed that emissions only originated from traffic on the segment on the road being examined.
Figure 3 and
When a barrier is present, the pollutant distribution is affected by the recirculation zone, primarily occurring on the leeward side of the highway. Our results characterizing the recirculation zone (Figure 2) show good qualitative agreement with previous studies, such as [12] or [13] . It is also important to recognize that the results of our computations show flow occurring above the 3-m-high barrier.
Our results show that placing barriers on both sides of the highway produces the most advantageous result, closely followed by locating a single barrier on the upwind side. As expected, the least desirable result occurred when there were no barriers. The negative impact of recirculation when a barrier is located on the leeward side of the highway is interesting, as it concentrates pollution in close proximity behind the barrier. It was expected that a barrier on the leeward side would prevent accumulation of gaseous pollutants behind it, but results showed that it provided little advantage over having no barrier. Our results qualitatively correspond to the model study presented in [22] and to measurements detailed in [23] . Qualitative agreement can also be found between results shown here and those for the ultrafine fraction of particulates described in [24] . In [25] a horizontal profile of air pollutants in wind tunnel measurements shows that the highest concentrations occur on flat terrain with no barrier, or elevated roads with sloping barriers. Although we have not tested elevated roads or sloping barriers, these results show general agreement with those of the present study. The quantitative results of all these studies differ, as different emission rates were used, and this difference can also be seen when comparing our results with those reported in [26] . Furthermore, these previous studies used a barrier height of 6 m, whereas we used a height of 3 m, as recommended by the Road and Motorway Directorate.
Concluding Remarks
We simulated the impact of noise barriers on air-pollution dispersion. To do this, relatively simple conditions were chosen: a straight section of four-lane highway on flat terrain with no surrounding buildings or vegetation. The wind direction was perpendicular to the highway direction and thermal stratification was neutral.
The results show that barriers, particularly when located on the upwind side or on both sides of a highway, improve environment conditions. Concentrations of pollutants in the lee of the highway are lower when there are no barriers, or when a barrier is located on the downwind side of the highway. This effect is due to recirculation, which traps pollutants close behind the barrier. When a barrier is present on the upwind side of the highway, the concentration at and just above the road surface is increased, but lowered on the leeward side of the highway. Recirculation behind the leeward-side barriers also increases the pollutant concentration behind the barrier up to 80 m from the highway side in comparison with barriers on both sides or on the upwind side. When there are no barriers, concentrations at the highway surface and just above are the lowest of all situations due to the increased ventilation. However, a much greater area is subject to increased concentrations of pollutants.
The results show that although barriers on both sides of a highway provide the ideal solution, the use of only one barrier located on the upwind side provides an almost identical result at a much lower cost. However, implementing this lower-cost solution is only possible in settings where the orography or geometry of obstacles such as buildings ensures that the wind direction is relatively constant. If this is not the case, barriers on both sides of the highway may have to be installed to effectively shield the urban population from increased air pollution near highways.
